Peptidyl-tRNA Hydrolase (Pth) is a highly conserved, essential enzyme in bacteria. It removes the peptide portion from peptidyl-tRNA, returning free tRNAs to participate in translation. Build-up of peptidyl-tRNAs is toxic and defects in Pth function result in cell death. Herein we use in vitro activity of recombinant E. coli Pth to screen tropical plant extracts for inhibition. Multiple extracts were found to have inhibitory activity with some exhibiting different inhibitory effects depending on extraction conditions. IC 50 values ranged from 0.02 to > 53.8 g of extract per unit of Pth, holding promise for in vivo screening. The inhibitory components in these extracts may serve as lead compounds for development of novel antibacterials.
Although relentless development of drug resistance amongst pathogenic bacteria throughout the world is well known, the number of new antimicrobial agents has dwindled [1] [2] [3] . Optimistic new approaches, including genome-based methods, have not delivered substantial results. However, traditional natural products still provide many new antimicrobial lead compounds. Terrestrial plants, which have been used as medicines for thousands of years [4] , are the origin of a significant fraction of drugs on the market today. New plant species, usually from exotic climates, are potentially large reservoirs for antibacterial compounds. Therefore, in addition to previous in silico structure based modeling [5] , we have searched a largely uncharacterized library of tropical plant extracts for antibacterial activity.
Our search focused on inhibiting the essential bacterial enzyme peptidyl-tRNA hydrolase (Pth). Pth cleaves the peptide:tRNA ester bond of peptidyl-tRNAs [6] . Accumulation of peptidyl-tRNAs is toxic for cells presumably by impairing the initiation of translation or slowing protein synthesis due to specific tRNA starvation [7] . Thus, it is vital for cells to maintain Pth activity to deal with the pollution of peptidyl-tRNAs generated during protein biosynthesis. Bacteria possess a single class of peptidyl-tRNA hydrolase with high primary structure conservation among all known eubacterial genes. Therefore, an inhibitor for one bacterial Pth will likely inhibit many others (i.e. broad spectrum inhibition). Unlike bacteria, eukaryotes possess several enzymes with Pth-like activities named the Pth2 family [8] . Pth2 family members are structurally unrelated to bacterial Pths. In addition, no current antibiotics target bacterial Pth, making it a promising new drug target to control bacterial infections.
Fifty members of an in-house library of tropical plant extracts were screened for inhibition of the Pth-mediated cleavage of peptidyl-tRNAs (see Figure 1 ). Extracts came from different parts of the plants with approximately two thirds coming from bark. A list of extracts and their relative Pth activity is shown in Figure 2 .
Roughly half of the extracts tested were found to harbor inhibitory activity, but no particular trends in plant part or plant origin were observed. Nine of the extracts showed strong (>90%) inhibition. These extracts came from Amphitecna gentryi (acetone, leaf), Ardisia solomonii (ethanol, bark), Byrsonima crassifolia (methanol/chloroform, bark), Lonchocarpus oliganthus (acetone, bark), Mandevilla veraguasensis (methanol, leaf), Matayba oppositifolia (acetone, bark), Ocotea sp. "small leaf" (acetone, bark), Sapium rigidifolium (methanol/chloroform, bark), and Swietenia mahogoni (acetone, bark). Another eight extracts showed 70% inhibition or greater, including Anthurium pittieri (methanol/chloroform, plant), Dendropanax gonatopodus (methanol and ethanol, leaf), Elaeodendron metabelicum (methanol, bark extract), Matalea pseudobarbata (ethanol, bark extract), Piper aequale (acetone, leaf extract), and Salacia sp. "liana" (dichloromethane and methanol/chloroform, bark extracts).
Of note, while the acetone fraction of the bark extract from Lonchocarpus oliganthus successfully inhibits Pth activity, acetone fractions of bark extracts of members of the same genus L. orotinus and L. monteverdensis do not inhibit Pth cleavage. Similarly, the ethanol extract of leaves from Amphitecna haberi does not affect Pth activity although the acetone extract of leaves from another member of the Amphitecna genus shows very strong inhibition. Therefore, the inhibitory compounds are not necessarily common to plant families.
Extracts made from the same plant material, Salacia sp. "liana" (dichloromethane and methanol/chloroform, bark) show significantly different inhibition. The increased polarity of methanol/chloroform over dichloromethane, yet a very similar degree of inhibition, suggests a relatively nonpolar active compound or compounds. For Dendropanax gonatopodus, the small increase in inhibition for the slightly more polar solvent could be accounted for by experimental error. The lack of inhibitors found in essential oils (two species reported herein and more data unpublished) suggests at least partially polar molecules. This is somewhat expected due to the polar nature of the natural tRNA/amino acid substrate. Evidence for different inhibitor compounds is also observed. In the case of Centropogon solanifolius, the acetone extract exhibits inhibitory activity, while the methanol/chloroform extract does not. Thus it appears that these extracts have different inhibitory compounds with different solubilities. In contrast, both acetone and methanol/chloroform extracts of Byrsonima crassifolia exhibit Pth inhibition.
IC 50 values were determined for extracts inhibiting Pth (see Table  1 ). Values range from tens of nanograms to tens of micrograms per unit of Pth. All of the experimental data show a clear dependence of the amount of uncleaved substrate on the extract concentration. Experimental error is on average 20%, coming predominantly from recovery of the substrate after precipitation. The IC 50 values for most of the extracts that previously showed high levels of E. coli Pth inhibition are lower than 10 g. The lowest IC 50 was found for the acetone bark extract from Beilschmiedia bromycea. Lower levels of inhibition are reflected in larger values of IC 50 . However, the efficacy of the extract depends on the amount of active compound(s). Thus, even extracts with larger IC 50 values can contain compounds with high inhibitory potency towards E. coli Pth. In summary, though the IC 50 values are quite different, until active components and their exact concentrations are known, there is no unequivocal indication of differences.
Conclusions
Tropical rainforest floras remain largely uncharacterized and contain numerous unexplored and pharmacologically interesting phytochemicals. The pharmacological wealth is apparent from the diversity of plants that inhibit the essential bacterial enzyme Pth. either the active constituent is present in large quantity or that its inhibitory potential towards E. coli Pth is large. Future research will therefore focus on identifying the active compound(s) from the bark of B. bromycea, structure determination, and IC 50 quantification. Similarly, though not necessarily indicative of individual inhibitor efficacy, extracts with lower IC 50 values will have priority in further studies.
Experimental
Pth preparation: The Pth gene from E. coli was cloned into a pKQV4 vector with an N-terminal hexahistidine tag. The 24 kDa recombinant protein was expressed in shake flasks with LB media at 37 °C. When the cell density reached an OD 600 of 0.8, protein expression was induced with 1.0 mM isopropyl -D-1thiogalactopyranoside. Cells were harvested by centrifugation after 4 h and stored frozen. Cells were then resuspended in a buffer of 50 mM sodium phosphate, 300 mM NaCl, 2 mM DTT, pH 7.4, and lysed with lysozyme and mechanical disruption via sonication. After centrifugation, the clarified supernatant was subjected to metal chelation chromatography resulting in >90% pure Pth. Fractions containing Pth were pooled and dialyzed against a buffer of 10 mM Tris acetate, pH 8.0, in 30% glycerol and DEPC treated water. The protein was stored at -80 °C until further use.
Plant extracts:
Tested samples were obtained from our collection of tropical rainforest plant extracts collected from north Queensland, Australia [9, 10] ; Monteverde, Costa Rica [11] ; Matabeleland, Zimbabwe; and Abaco Island, Bahamas [12] . Plant material was crushed and effused with solvent. The solubilized fraction was separated from bulk plant material, lyophilized and then stored frozen. Thawed pellets of the crude plant extracts were resuspended in DMSO to form 1%, w/v, solutions.
Peptidyl-tRNA generation:
A bacterial strain with temperature sensitive Pth mutant was used to produce peptidyl-tRNA [13] . At 30 °C, functioning Pth allowed for normal growth and cell proliferation. Shifted to 42 °C, Pth is no longer functional allowing for the accumulation of peptidyl-tRNAs. Bacterial cultures in LB media were grown at 30 °C until reaching an OD 600 of 0.4. The temperature was then shifted to 42 °C and the cells grown for 1 h. After brief cooling on ice, the cells were spun down and the pellets were stored at -80 °C. Frozen cell pellets were resuspended in a buffer of 0.3 M NaOAc, pH 4.5, 10 mM EDTA and tRNA extracted via phenol-chloroform extraction, as described elsewhere [14] . For long term storage, pellets of precipitated tRNA were stored at -80 °C.
Activity assay:
Tropical plant extracts were screened for Pth inhibition using a gel migration assay to detect the cleavage of peptidyl-tRNAs. Briefly, recombinant Pth (0.63 g or 0.3 U of enzyme where 1 U is described as the amount of recombinant Pth that cleaves 1 g of substrate to completion in 1 min) and bulk peptidyl-tRNAs (10 g) were incubated with plant extracts (1 L of 1% solution). In control experiments, run for every gel, an equal volume of DMSO was used instead of the plant extract. The 20 L reaction took place in a buffer composed of 10 mM Tris acetate, pH 8.0, 10 mM magnesium acetate and 20 mM ammonium acetate in DEPC treated water. Reactions were allowed to run for 30 mins at room temperature and were quenched by adding ethanol and left at -20 °C to precipitate. Precipitated tRNA was collected by centrifugation. The samples were then run on a 45 cm 6.5% polyacrylamide gel, transferred to a nylon membrane, hybridized with a [ 32 P]-labeled anti-tRNA Lys probe, and visualized on film [14] .
IC 50 determination:
To determine the level of inhibition and the values of IC 50 for tropical plant extracts that had previously showed E. coli Pth inhibition, a series of 6 reactions was run. Pth remained at the concentration of 0.63 g (or 0.3 U) per reaction, while the amount of extract was 10, 2, 0.4, 0.08, 0.016, and 0 g. The dilution of the extract was achieved using DMSO, always adding the same total volume of DMSO + inhibitor for each reaction. Uncleaved peptidyl-tRNA was used as a baseline control. Samples of the enzymatic reaction with 0 g extract and peptidyl-tRNA only contained 1 L DMSO in lieu of the extract. The cleavage was visualized using Northern blot with a [ 32 P]-labeled anti-tRNA Lys probe, as described above.
Quantification:
The intensity of the bands corresponding to peptidyl-tRNA Lys was measured in the software package ImageJ [15] . Peptidyl-tRNA Lys (g) was plotted as a function of extract (g) used for the individual reactions. The data were fitted to a single site binding curve using an in-house Gnuplot procedure to obtain the IC 50 values.
